Proteins containing C 2 H 2 type zinc ®nger motifs represent one of the largest classes of nucleic acid-binding proteins found in nature. We describe a novel zinc ®nger protein, dsRBP-ZFa, isolated by screening an expression library with dsRNA. The dsRBP-ZFa cDNA encodes a protein containing seven zinc ®nger motifs and an acidic C-terminal domain. Mobility shift experiments demonstrate that dsRBP-ZFa binds dsRNA and RNA-DNA hybrids with nanomolar dissociation constants and in a sequence independent manner. We also show that DNA and single stranded RNA fail to compete with dsRNA for binding suggesting dsRBP-ZFa prefers to bind an A-form helix. Using western analyses we have localized dsRBP-ZFa primarily to the nucleus of Xenopus laevis oocytes. The identi®cation of dsRBP-ZFa provides the ®rst example of a zinc ®nger protein that is speci®c for dsRNA. In addition, dsRBP-ZFa does not contain the previously described dsRNA binding motif, suggesting certain zinc ®ngers may provide an alternative way to recognize the A-form helix.
Introduction
Protein-nucleic acid interactions are fundamental to the regulation of many biological processes. Most DNA-binding proteins recognize speci®c sequences in the context of the B-form helix, whereas most RNA-binding proteins utilize a combination of sequence and complex three-dimensional shapes to provide binding speci®city (Steitz, 1993 ). An exception to the latter are the double stranded RNAbinding proteins (dsRBPs) which, like DNA-binding proteins, can interact with a single shape, the right handed helix. However, unlike DNA, an RNA helix is always A-form, with a very deep and narrow major groove and a wide and shallow minor groove (Delarue & Moras, 1989) . As a consequence of the A-form geometry, functional groups in the major groove that can be used to distinguish different base-pairs are inaccessible to dsRBPs unless the helix is distorted. Hence, although many DNA-binding proteins have been demonstrated to bind speci®c sequences within the context of a right-handed helix, the dsRBPs studied so far show no signs of sequence speci®city St Johnston et al., 1992) . Given the geometry of the Aform helix, dsRBPs are more likely to bind in the minor groove (Bevilacqua & Cech, 1996) where dsRNA molecules are chemically very similar and distinguishing one sequence from another is more dif®cult (Seeman et al., 1976) .
For many dsRBPs, the question of what substrates they recognize in vivo is unanswered. Although there are some naturally occurring antisense RNAs, and the presence of dsRNA in mammalian cells in the absence of viral infection has been reported (reviewed by Nicholson, 1996) , the source and abundance of dsRNA in cells is essentially unknown. However, studies of dsRBPs for which substrates are known show that dsRBPs do not always require a completely base-paired substrate. For example, the natural substrates of RNase III (Court, 1993) and dsRNA adenosine deaminases (Melcher et al., 1996; Polson et al., 1996) , although largely double stranded, are frequently interrupted by mis-matches, bulges and loops.
Recently, a dsRNA-binding motif (dsRBM) present in more than 18 different proteins was identi®ed Gibson & Thompson, 1994; St Johnston et al., 1992) . Proteins containing dsRBMs bind dsRNA with high af®nity and some Abbreviations used: dsRBP, double stranded RNAbinding protein; ZFP, zinc ®nger protein; uORF, upstream open reading frame; UTR, untranslated region; PCR, polymerase chain reaction; CV, column volume; IPTG, isopropyl-b,D-thiogalactopyranoside; RACE, rapid ampli®cation of cDNA ends; CV, column volumes. also bind RNA-DNA hybrids, but with lower af®-nity . To identify new dsRBPs, we screened a Xenopus cDNA expression library with radiolabeled dsRNA.
Characterization of two dsRBM containing proteins identi®ed in this screen was reported previously . Here, we report the characterization of another cDNA identi®ed in this screen that encodes a unique zinc ®nger protein.
Our studies show this protein binds dsRNA and RNA-DNA hybrids with high af®nity. Furthermore, consistent with studies of other dsRBPs, binding to either type of substrate is sequence independent.
The zinc ®nger, a repeated sequence motif ®rst identi®ed in the Xenopus transcription factor TFIIIA, is possibly the most abundant nucleic acid binding motif in nature. It has been estimated that up to 1% of the human genome encodes proteins containing zinc ®nger motifs (Hoovers et al., 1992) . Several types of zinc ®nger proteins (ZFPs) have been studied (Klug & Schwabe, 1995) , including the C 2 H 2 class as typi®ed by TFIIIA. Although two C 2 H 2 ZFPs, TFIIIA and p43, are involved in 5 S RNA storage (Joho et al., 1990; Pieler & Bellefroid, 1994) , most ZFPs bind DNA and act as transcription factors (Pieler & Bellefroid, 1994) .
TFIIIA, unlike other C 2 H 2 ZFPs, binds both DNA and RNA. However, deletion experiments reveal that the ®ngers binding DNA (®ngers 1 to 3) are distinct from those binding RNA (®ngers 4 to 6; Theunissen et al., 1992) . Besides TFIIIA, only eight C 2 H 2 class ZFPs have been observed to bind a nucleic acid other than DNA and one of these is of synthetic design (Andreazzoli et al., 1993; Joho et al., 1990; Koster et al., 1991; Shi & Berg, 1995) . The three zinc ®ngers from the transcription factor Sp1, as well as the protein of synthetic design, can bind RNA-DNA hybrids (Shi & Berg, 1995) . Nevertheless, naturally occurring non-DNA substrates have only been identi®ed for the 5 S RNA binding proteins TFIIIA and p43. No previously identi®ed ZFPs have been observed to bind dsRNA with high af®nity, so we were surprised to ®nd that our screening protocol identi®ed a cDNA encoding a ZFP.
Results

Cloning of dsRBP-ZFa
In order to identify previously uncharacterized dsRBPs we screened a Xenopus ovary cDNA expression library in a manner analogous to that used for identifying DNA binding proteins (Singh et al., 1988) . Filters were probed with a radiolabeled dsRNA and four different clones were isolated . Characterization of the binding properties and expression of two of these clones has been described , and here we report the characterization of a 2062 nucleotide (nt) clone designated cDNA-24b.
A preliminary northern analysis using an in vitro synthesized transcript from cDNA-24b as a probe identi®ed a single band, migrating between 2.6 and 2.8 kb, in Xenopus ovary poly(A)
RNA. Since cDNA-24b lacked an initiating methionine codon and was smaller than the band seen on the northern blot, it was used to screen another cDNA library to isolate a full-length clone. Using a Xenopus head cDNA library (Hemmati-Brivanlou et al., 1991) we identi®ed a 2514 nt clone designated cDNA-15a. Our criterion for a full-length clone was the presence of a stop codon in all three reading frames preceding the initiating methionine codon. cDNA-15a did not have a stop codon in the coding frame prior to a potential initiating codon, so we employed RACE (rapid ampli®cation of cDNA ends) to obtain the 5 H end. Six of the longest RACE clones isolated were sequenced and of these, ®ve ended at the same point and one was 10 nt shorter. We were convinced these represented the 5
H end of dsRBP-ZFa when we found that the sequence of each clone was identical and included a stop codon in the coding reading frame. cDNAdsRBP-ZFa was constructed by ligating a 110 basepair (bp) segment from one of the RACE clones onto the end of cDNA-15a. Both strands of cDNAdsRBP-ZFa were sequenced.
cDNA-dsRBP-ZFa is 2625 nt in length and contains an open reading frame (ORF) of 1572 nt, a 216 nt 5 H untranslated region (UTR) and an 837 nt 3 H UTR. Within the ORF is a region of four 174 nt duplications (positions 877 to 1572) with a sequence identity ranging from 90 to 97%. The ORF begins with the second AUG found in the cDNA and the surrounding nucleotides (GAAUAUG-GCGGAC) ®t the consensus sequence which includes a purine at position À3 and a G at position 4 (Kozak, 1987) . Ninety two nt upstream of the second ORF is an AUG codon in a different reading frame and in a poor context (CCGGAU-GUCGCGA).
Protein sequence analyses
The predicted amino acid sequence of dsRBPZFa has several interesting features (Figure 1 ). The protein can be split into two main domains, a basic N-terminal domain (residues 1 to 432) with a predicted pI of 8.54, and an acidic C-terminal domain (residues 433 to 524, beginning with the asterisk in Figure 1 ) with a predicted pI of 3.98. Additionally, the C-terminal domain is rich in the three amino acids, serine (18%), proline (17%) and glycine (13%) (Creighton, 1984) . A more detailed analysis of the charge distribution in the N-terminal domain reveals a periodic arrangement of acidic and basic regions bounded by proline residues.
The N-terminal domain is primarily composed of seven TFIIIA-like zinc ®nger motifs (underlined in Figure 1 ) and the linkers that join them. The zinc ®ngers generally follow the motif Cx 2 Cx 3 Èx 5 Èx 2 Hx 5 H where È is a hydrophobic residue, and x is any amino acid. The ®rst three ®ngers are clearly distinct from the last four. In addition to being separated from the former by a short region containing ®ve proline residues, the last four ®ngers, encoded by the DNA duplications mentioned above, are nearly identical repeats with 91 to 100% amino acid identity to each other.
The most striking difference between dsRBP-ZFa and other ZFPs is the length of the linker region that connects the ®ngers. In the vast majority of ZFPs this linker is fairly short, usually between six and eight amino acids (Berg, 1990; Hoovers et al., 1992) , whereas in dsRBP-ZFa it ranges from 34 to 44 amino acids.
Purification of recombinant dsRBP-ZFa
To obtain large quantities of protein for biochemical studies, c-DNA-dsRBP-ZFa was subcloned into the Escherichia coli T7 based expression vector pAED4 (Doering, 1992) . Overexpressed dsRBP-ZFa was found exclusively in the insoluble fraction of lysed cells and attempts to increase its solubility were unsuccessful. Thus, we decided to solubilize the protein using guanidine HCl and refold it by dialysis as this method had been successful with other ZFPs (Fairall et al., 1992) . Electrophoresis of the refolded protein on a SDS-10% (w/v) polyacrylamide gel followed by silver staining revealed three major species (indicated by asterisks in Figure 2 , S). The top band was fulllength dsRBP-ZFa, the middle band was a truncation of dsRBP-ZFa missing residues from the C terminus, and the identity of the lower band was uncertain (data not shown; see Materials and Methods). We proceeded to purify full-length dsRBP-ZFa from the refolded protein using cation and anion exchange chromatography (see Materials and Methods). Puri®ed dsRBP-ZFa (Figure 2 , F) was stored as a 40% glycerol stock at À20 C. It should be noted that this preparation was essentially inactive in binding studies without addition of 5 to 10 mM DTT.
Mobility shift assays
Our initial library screen indicated that dsRBPZFa bound dsRNA but not DNA or ssRNA as the latter two were included in the hybridization mix as unlabeled competitors. It seemed likely that RNA-DNA hybrids would also be good candidate substrates for dsRBP-ZFa since they exhibit a con- Figure 1 . Predicted amino acid sequence of dsRBP-ZFa. The ORF shown begins with the second AUG codon of the cDNA. The sequence is arranged with the seven zinc ®nger motifs aligned to illustrate similarities between the ®nger motifs as well as between the linkers that join them. The last four ®ngers, underlined with ®lled black lines, are nearly identical to each other; the ®rst three ®ngers, underlined with hatched lines, do not have strong similarities to each other or to the last four ®ngers. The beginning of the proline, serine and glycine rich acidic region is indicated with an asterisk. The putative nuclear localization signals (nls H ) are shown with circles for the degenerate bipartite nls and squares for the overlapping SV40-like signals. Figure 2 . Purity of dsRBP-ZFa. Protein refolded from the insoluble fraction of E. coli cells was separated by SDS-10% PAGE and stained using silver. The starting material (S) and ®nal puri®ed preparation after ion exchange chromatography (F) are indicated. Asterisks indicate the three major species of staining material (see the text). In the ®nal preparation, dsRBP-ZFa was determined by densitometry to be 78% of the total protein.
Positions of molecular mass markers in kDa are shown to the right of the gel.
formation more similar to dsRNA than DNA (Gonzalez et al., 1994; Salazar et al., 1993) . Furthermore, RNA-DNA hybrids were able to compete for dsRNA binding in studies of another dsRBP .
We began our biochemical characterization of puri®ed recombinant dsRBP-ZFa with gel mobility shift assays using ®ve different substrates: a 36-mer dsRNA, two 36-mer RNA-DNA hybrids, a 100-mer dsRNA and a 100-mer RNA-DNA hybrid. The various 36-mer substrates were derived from the same sequence. The various 100-mer substrates were also derived from the same sequence (unrelated to the 36-mer sequence). Both 100-mer and 36-mer have no relationship to biologically relevant sequences.
Mobility shift assays were performed by mixing increasing amounts of puri®ed dsRBP-ZFa with a 32 P-labeled substrate followed by electrophoresis on a native 6% polyacrylamide gel. Representative gels for each substrate are shown in Figure 3 (a); to facilitate comparison, corresponding lanes on each gel have the same protein concentration. Mobility shift assays were done in triplicate for each substrate except for the 36-mer dsRNA which was repeated six times. The protein concentration required to shift about half of the substrate was similar for the two dsRNA substrates, while both hybrid substrates required slightly more protein.
Using the data from the 36-mer dsRNA reactions, an apparent equilibrium dissociation constant (K d ) of 5.0 Â 10 À10 M was determined for the interaction corresponding to the ®rst shift (Figure 3(b) ). A similar analysis of the 36-mer RNA-DNA hybrid data yielded a K d of 1.7 Â 10 À9 M. The latter was independent of which strand was DNA (data not shown). These K d values assume that the protein used in the assays was fully active. To address this issue, we conducted titration experiments in which increasing amounts of dsRNA were mixed with a ®xed concentration of dsRBP-ZFa. The results from preliminary experiments suggest the fraction of active protein was only 10 to 20% (data not shown), assuming the ®rst shift represents a 1:1 stoichiometry of protein to RNA. Taking this into consideration, the K d values listed above may be as much as an order of magnitude larger than the real equilibrium dissociation constants.
We observed a maximum of two shifts with 36-mer dsRNA and four with 100-mer dsRNA ( Figure 3(a) ). Ignoring the possibility of protein dangling, overlap of binding sites and the ability of only a portion of dsRBP-ZFa to bind dsRNA tightly, these data suggest a binding site size of 18 to 25 bp. We assume that initial binding is random along the entire length of the dsRNA and that the binding af®nity for each site is identical. Although future studies will be necessary to verify this assumption, if correct, it is possible that binding can be described using conditional probabilities as proposed for the binding of non-sequence speci®c DNA binding proteins (McGhee & von Hippel, 1974) and other dsRBPs .
Substrate preference
To further analyze the substrate preference of dsRBP-ZFa, tritiated or non-radioactive 100-mer RNA, RNA-DNA and DNA substrates were used as competitors of dsRBP-ZFa binding to 32 P-labeled 36-mer dsRNA. In seven individual experiments we analyzed the ability of each substrate to compete at 1Â and 10Â molar excess over 36-mer dsRNA by gel mobility shift assays (Figure 4(a) ). These data, graphed in Figure 4 (b), show that dsRNA competes best, in agreement with the higher K d determined for RNA-DNA hybrids as compared with dsRNA. They also demonstrate that neither ssRNA nor DNA signi®cantly compete for dsRNA binding, although ssRNA competes slightly better than DNA likely due to its limited ability to form intra and intermolecular duplexes.
Western analyses of dsRBP-ZFa expression
As a ®rst step towards understanding the biological role of dsRBP-ZFa, polyclonal antibodies were raised in rabbits. cDNA-dsRBP-ZFa was subcloned into the Escherichia coli T7 based pET-16b expression vector (Novagen) and the resulting His- tagged protein puri®ed by af®nity chromatography for injection into rabbits. The protein produced from this vector was purposefully truncated to eliminate the C-terminal 89 amino acids and designated dsRBP-ZFaÁpro. We had initially produced polyclonal antibodies using the ORF from cDNA24b, which included the C terminus, but these cross-reacted with oocyte keratin proteins which have a similar mobility as dsRBP-ZFa (data not shown).
The antibody produced with dsRBP-ZFaÁpro recognized a single polypeptide that was primarily localized to the nucleus ( Figure 5A, N) , although an immunoreactive polypeptide from cytoplasm became visible upon longer exposure ( Figure 5B , C). The mobility of the immunoreactive protein was consistent with that of dsRBP-ZFa, but faster in whole oocytes and cytoplasm than in nuclei. We believe this was a result of the much larger quantity of protein loaded on the oocyte and cytoplasm lanes in order to maintain oocyte equivalents (see Materials and Methods).
Consistent with localization of dsRBP-ZFa to the nucleus, we identi®ed two overlapping candidate nuclear localization signals starting at positions 184 (KKHK) and 185 (KHKK) that ®t the four residue pattern for nuclear targeting (indicated by the squares in Figure 1 ; Dingwall & Laskey, 1991) . We also identi®ed a bipartite nls (Dingwall & Laskey, 1991) beginning at position 63 with a spacer length of 13 residues (RRYMAINQGEDSVPAKKFK, indicated by the circles in Figure 1 ). All three of the putative localization signals reside in the presumed binding domain of dsRBP-ZFa, something frequently observed in nucleic acid binding proteins (LaCasse & Lefebvre, 1995). A PhosphorImager image of a mobility shift competition assay is shown. The ability of four substrates (RR 100 bp dsRNA, R 100 bp ssRNA, RD 117 bp RNA-DNA hybrid, DD 143 bp dsDNA) to compete for dsRBP-ZFa binding to radiolabeled 36-mer dsRNA (10 pM) was assayed by mobility shift assays. dsRBP-ZFa was present at 0.5 nM in all lanes and competitors were added at 1Â and 10Â the concentration of 36-mer dsRNA. (b) The ability of each substrate to compete was determined as in (a) in four experiments and the average shown graphically here. Error bars represent AE standard deviation from the mean.
Northern analyses
We characterized dsRBP-ZFa mRNA expression in Xenopus ovary poly(A)
RNA by northern analyses. A 32 P-labeled random primed probe derived from cDNA-dsRBP-ZFa hybridized to a single band of approximately 2.6 kb ( Figure 6, A ). This closely matched the length of a 2762 nt transcript produced in vitro from cDNA-dsRBP-ZFa and electrophoresed on the same gel (Figure 6 , IV). We estimate the amount of dsRBP-ZFa mRNA in an oocyte to be less than 2 attomoles by PhosphorImager quantitation, using a value of 80 ng poly(A) RNA per Xenopus oocyte (Gurdon & Wickens, 1983) . At approximately 1.2 Â 10 À6 copies per oocyte, the amount of dsRBP-ZFa is similar to TFIIIA (Ginsberg et al., 1984) and several other mRNAs (Onate et al., 1992; Reddy et al., 1991; Taylor et al., 1986) , and thus appears to be of average abundance.
Discussion
We have identi®ed a cDNA encoding a novel ZFP, dsRBP-ZFa, that binds dsRNA and RNA-DNA hybrids with high af®nity. Along with seven zinc ®nger motifs, the protein has an acidic C terminus rich in proline, serine and glycine. Using gel mobility shift assays, we have characterized the nucleic acid binding properties of overexpressed, full-length protein. dsRBP-ZFa shows no apparent sequence speci®city, but greatly prefers to bind Aform helices over other nucleic acids. dsRBP-ZFa binds dsRNA with an apparent K d of 0.5 nM and RNA-DNA hybrids with an apparent K d of 1.7 nM. dsRBP-ZFa is the ®rst ZFP discovered that shows a preference for binding dsRNA. Perhaps the most signi®cant aspect of the discovery of dsRBP-ZFa is that it shows there is another way to bind dsRNA other than using the previously characterized dsRNA binding motif Gibson & Thompson, 1994; St Johnston et al., 1992) or sequences within other dsRBPs for which a common motif has not been de®ned (Denzler & Jacobs, 1994; Qian et al., 1995; Qiu et al., 1995) .
Interesting features of the cDNA
A common feature of many ZFPs are apparent gene duplication events that result in multiple, contiguous zinc ®nger motifs in a single protein (Berg, 1990; Pieler & Bellefroid, 1994) . The last four ®ngers of dsRBP-ZFa, encoded by four almost perfect 174 nt duplications, appear to be a result of such a phenomenon. In fact, obtaining the correct nucleotide sequence for this region of the cDNA would have been very dif®cult without automated sequencing technology as there are no unique priming sites over a 700 bp region.
Besides the ORF, the cDNA reveals other interesting features. Preceding the initiating AUG is a 162 nt overlapping upstream ORF (uORF). uORFs are found in many translationally regulated proteins (Geballe & Morris, 1994) , although overlapping uORFs are rare in eukaryotic mRNAs. In vitro experiments with synthetic templates containing overlapping uORFs demonstrate that they signi®-cantly reduce translational ef®ciency (Peabody & Berg, 1986) . Since the upstream AUG of dsRBPZFa is in poor context, lacking purine nucleotides at positions À3 and 4 (Kozak, 1987) , leaky scanning could allow translation to initiate at the second AUG (Kozak, 1994) . Database searches using the hypothetical polypeptide produced from the uORF did not identify any signi®cantly similar sequences. In addition to uORFs, long leader sequences can also affect protein expression through their ability to form secondary structures refractory to translation. dsRBP-ZFa has a 216 nt 5 H UTR, whereas a survey of 346 cDNAs found that the majority had 5 H UTRs that are shorter than 100 nt and only 8% were longer than 200 nt (Kozak, 1987) .
The cDNA also appears to lack a good polyadenylation signal near the 3 H end. In fact, the only reasonable signal is the AAGAAA sequence located near the end of the cDNA (position 2516 in the cDNA), which is a very poor polyadenylation signal (Wickens, 1990 ). However, we were able to enrich for dsRBP-ZFa mRNA by poly(A) selection, and all three of the cDNA clones we isolated ended in stretches of up to 33 adenosines. Perhaps future experiments will determine the ability of the AAGAAA sequence to stimulate polyadenylation of dsRBP-ZFa RNA.
dsRBP-ZFa has binding properties that are different from other ZFPs
Crystal structures have been solved for two ZFP transcription factors, Zif268 and Tramtrack, in complex with their DNA substrates (Fairall et al., 1993; Pavletich & Pabo, 1991) . The structures indicate that the proteins make contacts primarily with one strand of the DNA, and that the DNA is underwound relative to B-form DNA. Since the DNA strand in an RNA-DNA hybrid forms a structure intermediate between A and B-form (Gonzalez et al., 1994; Salazar et al., 1993) , possibly similar to the observed underwound DNA, the ability of ZFPs to bind RNA-DNA hybrids has been studied. It has been observed that Sp1 and ZF-QQR, proteins that are similar to Zif268 and Tramtrack, can bind RNA-DNA hybrids, but the binding shows a strand preference. When the strand analogous to that contacted the most in the crystal structures is DNA, tighter binding is observed (Shi & Berg, 1995) . Other studies demonstrate that not all ZFPs can bind RNA-DNA hybrids. For example, binding studies using TFIIIA and RNA-DNA hybrids constructed using 5 S ICR sequences reveal only nonspeci®c, low af®nity interactions (Nightingale & Wolffe, 1995) .
Binding of dsRBP-ZFa to RNA-DNA hybrids differs from that of Sp1 and ZF-QQR. First, dsRBPZFa does not show any sequence speci®city among the substrates tested, whereas Sp1 and ZF-QQR only bind to speci®c sequences (Shi & Berg, 1995) . Second, dsRBP-ZFa had the same af®nity for the two 36-mer RNA-DNA hybrids, independent of which RNA strand was used to prepare the RNA-DNA substrate. The latter is particularly notable since the two strands of RNA that comprise the 36-mer dsRNA differ such that one strand is rich in purine bases and the other in pyrimidine bases. Finally, whereas dsRBP-ZFa binds dsRNA with a higher af®nity than it binds RNA-DNA hybrids, Sp1 and ZF-QQR have negligible af®nity for dsRNA (Shi & Berg, 1995) . dsRNA binding by dsRBP-ZFa is also quite different from 5 S RNA binding by TFIIIA and p43. The interaction of the latter two proteins with 5 S RNA primarily depends upon the complex shape of 5 S RNA (reviewed by Pieler & Bellefroid, 1994) , whereas dsRBP-ZFa prefers the relatively simple A-form helix.
In sum, there appears to be a fundamental difference between how dsRBP-ZFa and other ZFPs recognize their substrates. Taken together, our results suggest that the substrate conformation, rather than its sequence, is paramount for substrate recognition by dsRBP-ZFa. We have recently determined that dsRBP-ZFaÁpro, a truncated protein which lacks the C-terminal acidic region, binds dsRNA at least as tightly as the full-length protein (data not shown; see Materials and Methods). Thus, as might be expected, the unique binding properties of dsRBP-ZFa appear to derive from the N-terminal zinc ®nger domain, rather than the acidic C-terminal domain. We have also observed that binding of dsRBP-ZFa to dsRNA is inhibited by EDTA, consistent with the involvement of the zinc ®ngers in nucleic acid binding (data not shown).
dsRBP-ZFa has unusual zinc finger motifs
In the classical zinc ®nger motif, coordination of zinc by two cysteine and two histidine residues establishes the structure of the ®nger. This structure is further stabilized by a hydrophobic core comprised of a conserved aromatic residue at position 4 and a conserved aliphatic residue at position 10 ( Figure 7 ). NMR studies of classical ®ngers reveal that the aromatic residue at position 4 stacks on the ®rst zinc coordinating histidine to form one part of the hydrophobic core (Jasanoff & Weiss, 1993) . None of the ®ngers in dsRBP-ZFa are perfect matches to the consensus for the classical zinc ®n-ger motif (Figure 7 ; Jacobs, 1992) . While the ®rst ®nger lacks a hydrophobic residue at position 10 and is the most dissimilar to the consensus overall, the second and third ®ngers, with suitable hydrophobic residues at positions 4 and 10, are most similar. The last four ®ngers of dsRBP-ZFa have hydrophobic residues at the correct positions, but the location of the aromatic and aliphatic residues at positions 4 and 10 are reversed from the consensus, and tyrosine is found instead of phenylalanine (Figure 7) .
Prior to our characterization of dsRBP-ZFa, we observed dsRNA binding using a truncated protein produced from the ORF of cDNA-24b (ORF beginning at isoleucine 115 in Figure 1 ; data not shown; see Materials and Methods). Since 24b lacks the ®rst two zinc ®ngers of dsRBP-ZFa, this observation showed that these amino-terminal ®ngers were not required for binding. It is enticing to speculate that the unusual arrangement of amino acids in the last four ®ngers dictates the preference for binding to A-form helices. Of course, it is also possible that the unusually long linkers are directly responsible for binding nucleic acid, and the zinc ®ngers function to position the linkers in a conformation required for binding.
Among known ZFPs, dsRBP-ZFa is most similar to a group that contain widely spaced ®nger motifs. Unlike the majority of ZFPs that have motifs separated by a six to eight residue linker whose sequence is highly conserved, these ZFPs have motifs separated by 7 to 410 residues that do not de®ne a consensus. Previously, four proteins, tsh, TRS-1, suvar(3)7, and Pep, were reported to be members of this family (Fasano et al., 1991) . Interestingly, also like dsRBP-ZFa, many of the zinc ®ngers in these proteins have an interhistidine distance of ®ve residues; possibly this interhistidine distance is somehow correlated with long linkers. Based upon these similarities, dsRBP-ZFa and human alpha-fetoprotein enhancer binding protein (GenBank D10250; Morinaga et al., 1991) , a protein frequently seen in database searches using dsRBP-ZFa, appear to be members of this group, bringing the total to six examples of ZFPs in this family.
Possible biological roles of dsRBP-ZFa
Western analyses of dsRBP-ZFa expression showed that the protein is primarily in the nuclei of Xenopus oocytes, with lower, but detectable, levels in the cytoplasm ( Figure 5) . Thus, at present, biological functions requiring a nuclear localization, as well as those requiring a cytoplasmic localization, can be considered. Database searches using the predicted amino acid sequence of dsRBPZFa identi®ed four similar sequences: three human EST clones (GenBank F06769, TIGR EST19286 and THC116584) and a clone derived from a human X chromosome (GenBank HSJ3E10). The three EST clones appear unrelated to each other and show similarities with parts of the ®rst three zinc ®ngers in dsRBP-ZFa, whereas clone HSJ3E10 is similar to the last ®nger in dsRBP-ZFa. Unfortunately, none of these sequences have a known biological function so they do not help elucidate the cellular role of dsRBP-ZFa.
Overall, the primary structure of dsRBP-ZFa is reminiscent of a transcription factor: it contains a basic N-terminal domain with seven zinc ®nger motifs and an acidic C terminus rich in proline, serine and glycine. Some DNA sequences are known to assume an A-form conformation in solution (Basham et al., 1995) . Since dsRBP-ZFa prefers to bind A-form nucleic acids, possibly a DNA sequence with an A-form conformation could be a substrate for dsRBP-ZFa, and dsRBP-ZFa could act as a transcription factor.
The C terminus of dsRBP-ZFa, rich in proline, serine and glycine residues, has weak similarities to proteins that are also rich in these amino acids. Proline rich regions are often involved in interactions with other proteins; possibly this region of dsRBP-ZFa mediates similar interactions. For instance, in some proteins proline rich regions act as transcriptional activation domains (Mitchell & Tjian, 1989 ) that interact with RNA polymerase or an associated factor to target the polymerase to speci®c genes (Ptashne, 1988) . Additionally, Src homology 3 (SH3) domains bind proline rich regions of proteins that function in signal transduction (Yu et al., 1994) . Although the C terminus of dsRBP-ZFa contains two regions (PKGP and PLYP) that ®t the loosely de®ned motif for SH3 recognition (PXXP), neither of these ®t a more de®ned motif (X p ÈP p XP, where X is any amino acid, È is a hydrophobic amino acid and lower case letters indicate a weaker preference at that position; Yu et al., 1994) .
In addition to the possible roles suggested by its protein sequence, many other possible biological functions can be imagined. Previously characterized dsRBPs have a wide variety of functions, including RNA localization (St Johnston et al., 1992) , participation in the antiviral response (Nicholson, 1996) , RNA processing (Court, 1993) and RNA editing (Melcher et al., 1996; Polson et al., 1996) . Although it is hard to imagine that dsRBP-ZFa has catalytic activity like the dsRBPs involved in RNA processing and editing, functions analogous to non-catalytic dsRBPs are certainly possible. Additionally, dsRBP-ZFa could play a regulatory role by binding base-paired structures formed during RNA splicing, or to the RNA-DNA hybrids known to occur during transcription and DNA replication. Conceivably, dsRBP-ZFa could also act to protect dsRNA from modi®cation by dsRNA adenosine deaminase, as observed for a factor in the cytoplasm of Xenopus oocytes (Saccomanno & Bass, 1994) . Hopefully, future studies will lead to an understanding of the biological function of dsRBPZFa, and thus expand our general knowledge of the biological roles of dsRBPs. In addition, the discovery of dsRBP-ZFa presents a unique opportunity to understand, in future studies, how the zinc ®nger motif can be adapted to bind substrates other than DNA. (Jacobs, 1992) , is printed above the motifs from dsRBP-ZFa. Numbers given are relative to the second cysteine residue involved in zinc coordination and spaces in the sequences are present merely to facilitate comparison.
Materials and Methods
Oligonucleotides and plasmids
Oligonucleotides used as probes were gel puri®ed on 20% acrylamide, 8 M urea gels then labeled with phage T4 polynucleotide kinase and [g-32 P]ATP. Oligonucleotides used as primers in PCR were generally not gel puri®ed unless they also happened to be used as hybridization probes. The oligonucleotides used were:
The following plasmids were puri®ed using CsCl/ ethidium bromide equilibrium centrifugation as described (Ausubel et al., 1990) . pGEM-13 zf (Promega; used to subclone cDNA-24b); pBS SK-(obtained from in vivo excision of the Xenopus head library; HemmatiBrivanlou et al., 1991); pAMP1 (Life Technologies, Inc.; used to clone RACE products); pET-16b (Novagen; used to express dsRBP-ZFaÁpro); pAED4 (used to express dsRBP-ZFa; Doering, 1992) .
Restriction fragments used for subcloning were gel puri®ed on 1% (w/v) agarose/TAE gels, and isolated using the GLASSMAX DNA Isolation Spin Cartridge System (Life Technologies, Inc.).
Cloning and sequencing of cDNAs cDNAs were sequenced either using a Sequenase 2.0 kit (USB; cDNA-24b, 15a and race1) or by the University of Utah Health Sciences Sequencing Facility.
The partial clone 15a was identi®ed by screening a Xenopus cDNA library (Hemmati-Brivanlou et al., 1991) as described . Filters were incubated at 42 C for two to three hours in prehybridization solution (0.8Â SSC (SSC is 0.15 M NaCl, 0.015 M Na 3 C 6 H 5 O 7 ) 5Â Denhardts, 0.05% (w/v) Na 4 P 2 O 7 , 0.5% (w/v) SDS, 100 mg ml À1 salmon sperm DNA), then at 42 C for 14 to 16 hours with hybridization solution (0.8Â SSC, 1Â Denhardts, 0.05% Na 4 P 2 O 7 , 100 mg ml À1 salmon sperm DNA) that contained a radiolabeled oligonucleotide (R8) then washed in 0.3Â SSC, 0.05% Na 4 P 2 O 7 four times for 15 minutes at room temperature.
The phage clone containing the longest cDNA (15a), identi®ed by polymerase chain reaction (PCR) using primers F10 and T3 (complementary to the vector), was excised from the phage using the Exassist TM InterferenceResistant Helper Phage system (Stratagene) to yield pBS15a (15a in pBS SK-).
RACE
The 5 H RACE System for Rapid Ampli®cation of cDNA Ends kit (Life Technologies, Inc.) was used to obtain the 5 H end of dsRBP-ZFa. Procedures were performed according to instructions except that cDNA was prepared by reverse transcription of 200 ng of Xenopus oocyte poly(A) RNA using a primer complementary to 15a (RACE1). The initial PCR used primer F10 and a 1:10 mixture of anchor primer and primer UAP provided with the kit. Secondary PCR was with primers F11 and UAP. Products from the PCR were cloned according to the kit and the resulting bacterial colonies screened as described (Sambrook et al., 1989) . Filters were incubated at 42 C for one hour in prehybridization solution (1Â SSC, 5Â Denhardts, 1% SDS, 0.1 mg ml À1 salmon sperm DNA), then at 42 C for six hours in hybridization solution (1Â SSC, 1Â Denhardts, 0.05% Na 4 P 2 O 7 , 0.1 mg ml À1 torula yeast RNA) that contained a radiolabeled oligonucleotide (R10) then washed twice for 15 minutes at room temperature in 1Â SSC. Positive colonies were further screened by PCR to determine the size of the inserts using a vector speci®c primer (SP6) in combination with a dsRBP-ZFa speci®c primer (F11); the six longest cDNAs were sequenced.
Construction of a full length clone of dsRBP-ZFa pBS-15a DNA and pAMP-race1 were digested with NotI and NruI (NEB). The 5436 bp (from pBS-15a) and 219 bp (from pAMP-race1) fragments were gel puri®ed and ligated to yield pBS-ZFa. 110 bp of the dsRBP-ZFa sequence in this construct was derived from the pAMPrace1 clone and the rest from 15a.
Cloning, expression and purification of dsRBPZFaÁ Á Ápro pET-ZFaÁpro is the N-terminal 437 residues of dsRBP-ZFa in the T7 based expression vector pET-16b. As an intermediate to pET-ZFaÁpro, pAED-ZFaÁpro was ®rst constructed. pAED-ZFa DNA (see next section) was digested with BstEII and BamHI (NEB). PCR on pAED-ZFa, using primers zf-R11 and zf-F14-del, was used to generate a stop codon at amino acid 436 and a BamHI site 3 H of the new stop codon. The 708 bp PCR product was digested with BstEII and BamHI, the fragment gel puri®ed and ligated to the 4160 bp pAED-ZFa BstEII-BamHI fragment. DH5a cells were transformed with the ligation product and DNA from a transformant containing the correct construct was used to build pETZFaÁpro.
pET-ZFaÁpro was constructed by digesting pAEDZFaÁpro and pET-16b DNA with NdeI (Boehringer Mannheim) and BamHI. The 1315 bp dsRBP-ZFa fragment from pAED-ZFaÁpro was ligated to the 5701 bp pET16b fragment and the product (pET-ZFaÁpro) used to transform DH5a cells.
Protein was overexpressed as described in the pET manual using 1 l of media containing BL21(DE3)/pLys S cells transformed with pET-ZFaÁpro DNA. SDS-PAGE analyses of the soluble and insoluble fractions of lysed cells revealed an equivalent distribution of dsRBPZFaÁpro protein. To make use of all the protein, whole cells were solubilized in 80 ml of AF binding buffer (6 M urea, 5 mM imidazole, 32 mM Tris (pH 7.9), 0.5 M NaCl) using a vortex mixer and sonication. Insoluble material was removed by centrifugation at 40,000 g and the solution was further clari®ed by passage through a 0.2 m ®lter before being subjected to Ni 2 af®nity chromatography. Ni 2 af®nity chromatography was carried out using an 8 ml column (HR 10/10, Pharmacia) packed with AF-Chelate-650-M resin (TosoHaas) charged with NiSO 4 and equilibrated in AF binding buffer attached to a Biocad Sprint Perfusion Chromatography System (Perseptive Biosystems). Solubilized material (40 ml) was loaded onto the column at 5 ml min À1 followed by 10 column volumes (CV) of 98.5% (v/v) AF binding buffer plus 1.5% (v/v) AF elution buffer (6 M urea, 1 M imidazole, 20 mM Tris (pH 7.9), 0.5 M NaCl). Bound protein was eluted using a 0 to 100% gradient of AF elution buffer over 5 CV at 5 ml min À1 followed by 3 CV of 100% elution buffer into 1 ml fractions. Fractions containing dsRBP-ZFaÁpro were pooled, dialyzed against AF binding buffer, and re-chromatographed. Fractions containing dsRBP-ZFaÁpro were pooled again and the protein refolded by dialysis against 4 Â 500 ml of AF refolding buffer (50 mM KPO 4 (pH 7.0), 100 mM ZnCl 2 , 2.5 mM DTT). Protein concentration was determined by absorbance at 280 nm using a theoretical extinction coef®cient of 1 A 280 3.54 mg ml À1 . Af®nity-puri®ed dsRBP-ZFaÁpro protein (3 mg) was gel puri®ed for production of polyclonal antibodies in rabbits using SDS-10% polyacrylamide gels under reducing conditions. Protein bands were visualized for excision by soaking the gel in a solution containing 0.25 M KCl and 1 mM DTT which results in the precipitation of SDS surrounding the protein (Nelles & Bamburg, 1976) . SDS was removed from the gel slices by washing three times in water and the slices sent to the Berkeley Antibody Company (BabCo) for production of rabbit polyclonal antibodies.
Cloning, expression and purification of dsRBP-ZFa dsRBP-ZFa was subcloned into the T7 based expression vector pAED4. pBS-15a was digested with BamHI and HindIII. The 1550 bp dsRBP-ZFa BamHI-HindIII fragment was gel puri®ed. pAED4 DNA was digested with BamHI and NdeI and the 3189 bp fragment gel puri®ed. Primers Met1 and F10 were used in PCR of pBS-15a to generate a 233 bp product which was digested with NdeI and HindIII to yield 146 and 87 bp fragments. The 146 bp PCR fragment was gel puri®ed and a three-way ligation performed with the 1550 bp (dsRBPZFa) and 3189 bp (pAED4) fragments to produce pAEDZFa.
Protein expression was as described for dsRBPZFaÁpro except that 3 l of media was inoculated with 3 ml of an overnight culture and isopropyl-b,D-thiogalactopyranoside (IPTG) was added to 0.4 mM. Cells were lysed with two rounds of freeze-thawing and sonication after each thaw, the insoluble fraction isolated by centrifugation at 40,000 g and the pellet washed three times by sonication in TGMK buffer (25 mM Tris (pH 7.9), 10% (v/v) glycerol, 12.5 mM MgCl 2 , 100 mM KCl, 0.1% (v/v) NP-40). The pellet was dissolved in 200 ml of KPMKDZ buffer (50 mM KHPO 4 (pH 7.0), 5 mM KCl, 1 mM MgCl 2 , 5 mM DTT, 100 mM ZnCl 2 ) and 8 M guanidine HCl using a vortex mixer and sonication. Material that would not dissolve was removed by centrifugation at 40,000 g and dissolved protein diluted to 250 ml with water, placed into dialysis tubing (Spectra/Por 3; Baxter) and dialyzed against 4 Â 500 ml of KPMKDZ buffer for four hours at 4 C. Dialysis was followed by centrifugation at 40,000 g and the solution further clari®ed by passage through a 0.2 m ®lter.
The clari®ed solution (260 ml) was adjusted to 150 mM NaCl and subjected to cation exchange chromatography using a 1.66 ml HS column (Perseptive Biosystems) equilibrated in HS binding buffer (KPMKDZ 150 mM NaCl). Refolded protein (36 ml) was loaded onto the column at 5 ml min À1 followed by 40 CV of HS binding buffer. Protein was eluted using a 0.15 to 1 M NaCl gradient over 15 CV at 5 ml min À1 into 1 ml fractions. dsRBP-ZFa fractions were pooled, dialyzed against 4 Â 4 l of EKMDZ buffer (50 mM ethanolamine (pH 9.0), 5 mM KCl, 1 mM MgCl 2 , 5 mM DTT, 100 mM ZnCl 2 ) and subjected to anion exchange chromatography using a 1.66 ml HQ column (Perseptive Biosystems) equilibrated in EKMDZ buffer. HS eluate (15 ml) was loaded onto the column at 5 ml min À1 followed by 10 CV of EKMDZ buffer. Protein was eluted using a 0 to 1 M NaCl gradient over 15 CV at 5 ml min À1 into 1 ml fractions. Fractions containing dsRBP-ZFa were pooled, dialyzed against 8 Â 500 ml of 20 mM Hepes-KOH (pH 7.0), 20 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 100 mM ZnSO 4 for four hours each at 4 C, and the resulting 60 ml concentrated to 6 ml using a stirred ultra®ltration cell (Amicon, model 8050) with a PM-30 Dia¯o ultra®l-tration membrane (Amicon). Concentrated dsRBP-ZFa was stored at À20 C after mixing with an equal volume of 80% glycerol, 20 mM Hepes-KOH (pH 7.0), 20 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 100 mM ZnSO 4 .
The purity of dsRBP-ZFa protein was determined by densitometry of a silver stained gel and the relative amounts of each species determined using software provided (BioRAD Scanning Densitometer). The 55.6 kDa dsRBP-ZFa band was determined to be 78% of the total protein.
Prior to storage, dsRBP-ZFa protein concentration was determined by measuring absorbance at 280 nm using a theoretical extinction coef®cient of 1 A 280 3.0 mg ml À1 and at 205 nm using a theoretical extinction coef®cient of 1 A 205 0.035 mg ml À1 (Scopes, 1987) . Both wavelengths gave similar results and values were averaged. The ®nal concentration used to make dilutions for gel shift reactions was obtained by multiplying the concentration obtained by spectrophotometry (2.25 mg/ml, 17.3 mM) by the purity determined by densitometry (78%) to yield a value of 1.76 mg ml À1 or 13.5 mM dsRBP-ZFa protein in the 40% glycerol stock.
All three of the major species present prior to puri®-cation of dsRBP-ZFa (Figure 2 , lane S) reacted with antidsRBP-ZFa antibodies, but only the top and middle bands bound a Ni 2 af®nity column when dsRBP-ZFa was expressed with an N-terminal histidine tag; the latter suggests the middle band was a C-terminal truncation.
Mobility shift assays
dsRNA (36-mer) was prepared as described (Polson & Bass, 1994) except single strands were ®rst annealed then treated with calf intestinal phosphatase and labeled using T4 polynucleotide kinase and [g-32 P]ATP. RNA-DNA (36-mer) hybrids (36 bp) were prepared by treating 36-mer ssRNAs with calf intestinal phosphatase, mixing equimolar amounts of the ssRNA and the appropriate 36-mer DNA oligo in TE, heating to 65 C for ®ve minutes, slow cooling to 30 C over an hour then incubating on ice for ®ve minutes. Hybrids were gel puri®ed by 20% native PAGE and quanti®ed, then labeled using T4 polynucleotide kinase and [g-32 P]ATP. dsRNA (100-mer) was prepared as described . 100-mer RNA-DNA hybrid (117 bp) was prepared by mixing 300 pmol of a T3 primer with 100 pmol of the 100-mer T7 RNA polymerase transcript in 50 mM KCl and 25 mM Hepes (pH 7.8), heating to 100 C for ®ve minutes, slow cooling to 30 C over an hour then incubating on ice for ®ve minutes. After ethanol precipitation the primer was extended using SuperScript RT II (Life Technologies, Inc.) at 42 C for one hour. After one hour an additional aliquot of reverse transcriptase was added and the incubation continued for another hour.
The hybrid was puri®ed by 8% native PAGE, quanti®ed and labeled using T4 polynucleotide kinase and [g-32 P]ATP. All putative hybrids were veri®ed as basepaired RNA-DNA strands by sensitivity to RNase H.
Mobility shift assays were performed by mixing all components of the reactions in 1 Â GSB (20 mM Hepes-KOH (pH 7.0), 20 mM KCl, 1mM MgSO 4 , 10 mM ZnSO 4 , 10 mM DTT, 10% glycerol, 100 mg/ml BSA, and 0.1% NP-40). Protein was diluted in 1 Â GSB when necessary. Binding reactions incubated over a 5 to 30 minutes time course at 25 C demonstrated no change in binding, so for convenience binding reactions were incubated at 25 to 28 C for 15 minutes. Binding reactions were stopped by loading onto a native 6% polyacrylamide gel. No dyes were included in the binding reactions as preliminary experiments indicated they inhibited binding.
Gels were 18 cm in length and composed of 6% acrylamide prepared using a 40% acrylamide stock containing an acrylamide:bis-acrylamide ratio of 19:1 (BioRAD), 0.5 Â TB buffer (10Â is 1 M Tris Base, 0.83 M H 3 BO 3 ), 5% glycerol and 5 mM DTT and run in 0.5 Â TB buffer. Gels were pre-run 1 to 2 hours at 4 C at 150 volts. Samples were subjected to electrophoresis for 2.5 hours at 150 volts, the gels dried and subjected to PhosphorImager analyses. Quantitation of the mobility shift assays and binding curve analyses was performed as described except that KaleidaGraph (Abelbeck Software) was used.
The fraction of active protein was determined in mobility shift assays in which 5.0 Â 10 À8 M dsRBP-ZFa was titrated with increasing amounts of dsRNA. The amount of active protein was determined by multiplying the concentration of RNA added to the reaction by the fraction shifted.
The dsRBP-ZFaÁpro protein used in mobility shift assays differed from the full length protein in that it was a fresh preparation that had not been stored at À20 C or mixed with glycerol. We did not determine the fraction of active dsRBP-ZFaÁpro protein in this preparation. Reaction conditions for mobility shift assays with dsRBPZFaÁpro were the same as for the full length protein except that the concentration of dsRNA was lowered to 1 Â 10 À12 M to account for the observed lower K d ($2 Â 10 À11 M for 36-mer dsRNA). Due to the differences in protein preparation and the length of storage for the full length protein versus dsRBP-ZFaÁpro it was not possible to make a direct comparison of the K d values obtained for the two proteins.
In preliminary mobility shift assays using protein produced from the ORF in cDNA-24b, we determined a K d of $3 Â 10 À9 M for 36-mer dsRNA. However, both the reaction conditions and gel composition differed from those used with dsRBP-ZFa and the fraction of active 24b protein was not determined.
Immunoblotting
Oocytes were dissected into nuclear and cytoplasmic parts and proteins extracted as described except that dissections were performed in MBS not TGKED buffer (Saccomanno & Bass, 1994) . Proteins were separated by SDS-10% PAGE and transferred to nitrocellulose using a semi-dry electroblotting apparatus. Western blots were performed using enhanced chemiluminescence (Amersham). Anti-dsRBP-ZFaÁpro serum was diluted 1:500, bound antibody was detected using an anti-rabbit IgG/ peroxidase conjugate diluted 1:10,000 and washing was with 0.2% NP-40 in phosphate-buffered saline (PBS).
Northern analyses
Xenopus total and poly(A)
RNA were prepared as described (proteinase K method; Ausubel et al., 1990) . Electrophoresis was as described (Tsang et al., 1993) and RNA transferred to a GeneScreen (NEN) membrane using a semi-dry electroblotting apparatus at 100 mA for one hour. A random primed probe was generated using a Random Primed DNA Labeling kit (Boehringer Mannheim) with a gel puri®ed 617 bp restriction fragment prepared by digesting pBS-ZFa DNA with BstEII and BglII (NEB). The probe was passed over a Chroma spin-30 column to remove unincorporated counts. Prehybridization and hybridization were as described (Ausubel et al., 1990) . After hybridization the membrane was washed at room temperature as follows: 6 Â SSC for ®ve minutes, 2 Â SSC 0.1% SDS for 25 minutes, 1 Â SSC 0.1% SDS for 15 minutes, 0.5 Â SSC 0.1% SDS for ten minutes, 0.2 Â SSC 0.1% SDS for ten minutes. Quantitation of the blot was performed using a PhosphorImager.
Sequence analyses
Protein sequence analyses were conducted using the LaserGene package from DNASTAR and the GCG package. The four residue pattern for nuclear localization was identi®ed using the PSORT server (http://psort.nibb.ac.jp/; Nakai & Kanehisa, 1992) . The degenerate bipartite nls was identi®ed using the bipartite nls locator (http://cymac.welc.cam.ac.uk/biploc form.html). Searches of public databases were conducted using the Linux versions of blastp and tblastn (Altschul et al., 1990) provided by National Center for Biotechnology Information. The Institute for Genomic Research database was also used to identify similar clones.
Accession number
The GenBank data bank accession number for Xenopus dsRBP-ZFa cDNA is AF005083.
